Silica aerogels are important to be used as photon radiators in Cherenkov counters for highenergy-physics experiments because of their optical transparency and intermediate refractive indices between those of gases and liquids or solids. Cherenkov counters that employ silica aerogels as radiators and photodetectors are often used to identify subatomic charged particles (e.g., electrons, protons, and pions) with momenta on the order of sub-GeV/c to GeV/c; they are also used to measure particle velocities in accelerator-based particle-and nuclear-physics experiments and in space-and balloon-borne experiments in the field of cosmic-ray physics. Recent studies have demonstrated that it is important for the design of Cherenkov counters that the transparent silica-aerogel tiles comprise solid material with recently improved transparency and a refractive index that can be controlled between 1.003 and 1.26 by varying the bulk density in the range of 0.01-1.0 g/cm 3 . Additionally, a technique for fabricating large-area silica-aerogel tiles without cracking has been developed. In this chapter, we describe advances in the technologies for producing silica aerogels with high optical performances to be used in scientific instruments. We further discuss the principles underlying the operation of detectors based on the Cherenkov effect. We also review applications of silica aerogels in specific highenergy-physics experiments.
Introduction
Silica aerogels, a subset of the aerogel family, were first invented by S. S. Kistler in 1931 [1] . Since then, their attractive physical and chemical properties have led to their utilization in various applications. One of the successful applications is in Cherenkov light radiators, which are used in high-energy-physics research including accelerator-based particle-and nuclearphysics experiments and observational cosmic-ray (astroparticle) physics.
In these fields of research, Cherenkov counters have been often used to detect, count, identify, and measure the velocity of high-energy subatomic charged particles with energies ranging from mega-electron volts (MeV) to tera-electron volts (TeV) (i.e., close to the speed of light). Cherenkov counters basically comprise optical radiators, photodetectors, and readout electronics. The optical radiators emit photons due to the passing of charged particles based on the Cherenkov effect. This Cherenkov radiation relies on the velocity of the particle and refractive index, n, of the radiator (as further detailed in Section 2.1). Thus, the Cherenkov radiators must be selected according to the physics objectives of each experiment. Pressurized gases (e.g., nitrogen (N2), carbon dioxide (CO2), and perfluorobutane (C4F10; n ≈ 1.00137)), liquids (e.g., water; n = 1.333), and solids (e.g., lead glass) are usually used as radiators.
However, there is a large gap between the refractive indices of gases and liquids, leaving a needed for materials with refractive indices within this gap.
Silica aerogels are some of most the useful and promising materials as the Cherenkov radiators due to their transparency and adjustable refractive indices that can fill this gap between those of gases and liquids. This application was first reported by M. Cantin et al. in 1974 [2] . After that, researchers have been working to develop high-performance silica-aerogel tiles ( Figure 1 ). Thus, this application of silica aerogels as Cherenkov radiators is considered traditional by the high-energy-physics community. In this chapter, we overview the major progress in the development of silica-aerogel radiators since the publication of the first edition of this handbook [4] . Herein, silica aerogels are referred to simply as "aerogels." Figure 1 . Highly transparent silica-aerogel tile produced at Chiba University with approximate dimensions of 9 × 9 × 2 cm and a refractive index of 1.065 at a density of 0.22 g/cm 3 (adapted from [3] ©The Chemical Society of Japan).
Aerogel Cherenkov Counters

Physics of the Cherenkov Effect
The Cherenkov effect was experimentally discovered by P. A. Čerenkov in 1934 [5, 6] and theoretically explained by I. M. Frank and I. E. Tamm in 1937 [7, 8] . The Nobel Prize in Physics 1958 was awarded jointly to the three scientists "for the discovery and the interpretation of the Cherenkov effect" [9] .
The Cherenkov effect is a phenomenon involving rapid light emission and is briefly explained as follows. In a medium with a refractive index of n (hereafter referred to simply as the "index"), the speed of light is reduced to c/n, where the constant c is the speed of light in a vacuum. A sufficiently high-energy subatomic particle can travel with a velocity of v exceeding that of light in the medium: = / , (2) exists as a condition of the Cherenkov radiation. Letting ≡ / , (3) the Cherenkov angle can be expressed as cos = 1/ . (4) The Cherenkov radiation forms a ring (or disk) pattern on the plane perpendicular to the particle's direction of travel. From Equation (2) , it can be said that the higher the velocity of the particle and the index of the Cherenkov medium, the larger the Cherenkov angle will be and, therefore, the larger this ring will be.
Consider the Cherenkov effect from the perspective of quantum mechanics, the Cherenkov light radiation can be thought of as Cherenkov photon emission in the θC direction. The number of emitted Cherenkov photons, N, at a wavelength between λ and λ + dλ is obtained from the following equation: (5) where x is the pass length of the particle in the radiators, α is the fine-structure constant, and z is the electric charge of the particle. Note that the shorter the wavelength is and the larger the thickness and the index of the radiator are, the more photons are emitted. Thus, the Cherenkov effect is a phenomenon of very faint light emission as the number of emitted photons is approximately two orders of magnitude smaller than that of scintillating light emission.
Cherenkov counters are one type of detector for subatomic charged particles (or ionizing radiation) and they employ the Cherenkov effect. The subatomic particles that can be detected using Cherenkov counters include leptons (such as electrons and muons), mesons (such as charged pions and kaons), various nuclei (including protons and deuterons), and their antiparticles. Cherenkov counters comprise, at a minimum, Cherenkov radiators, photodetectors, and signal readout electronics and sometimes contain mirrors to collect light. As described in the Introduction, transparent gases and condensed materials (i.e., liquids and solids), as well as aerogels, can be used as the Cherenkov radiator depending on the velocity range expected in a particular high-energy experiment. Two main types of Cherenkov counters have been employed in high-energy physics: The first is a threshold-type Cherenkov counter, which separates two kinds of particles or limits the velocity range of the particles by determining whether each particle fulfills the condition for Cherenkov radiation. The other is a ring-imaging Cherenkov (RICH) counter, which determines each particle's velocity by measuring its Cherenkov angle, which can be used to identify the types of particles. These are further described in the following sections. Figure 2 . Schematic of Cherenkov radiation, where Δt is the time for which the particle passes through the medium (adapted from [4] ©Springer).
Threshold-Type Cherenkov Counters
Threshold-type Cherenkov counters apply the threshold condition of the Cherenkov effect to identify the particle types (which is commonly called particle identification or PID) or to conduct velocity measurements. Hereafter, we assume that the Cherenkov radiators are aerogels and the corresponding threshold-type Cherenkov counters are generally called "aerogel Cherenkov (AC) counters." In high-energy physics experiments, the types and momenta of particles to be observed are sometimes known in advance. The types of an observed particle influences its target physics phenomena and its momentum can be measured by tracking its trajectory using a spectrometer operated in a magnetic field. Based on the particle's mass, m, the relativistic momentum, p, is defined as
. (6) Choosing n as the aerogel index, the threshold momentum, pt, for fulfilling the Cherenkov condition can be expressed based on Equations (2) and (6) as follows:
where the natural system of units is used (i.e., c = 1). When p exceeds pt, Cherenkov light is emitted from the aerogel (which has a given refractive index, n) due to the passage of particles (AC = yes). Otherwise, Cherenkov light is not emitted (AC = no) and, thus, the photodetectors do not output any signal.
If two particle types have different masses and but identical momenta (or momenta limited within a certain range), an aerogel can be selected with an index that causes only the lighter particles trigger Cherenkov radiation. Consequently, PID can be achieved by measuring the photodetector output (i.e., AC = yes or no). This is the operational principle of threshold-type AC counters. As a representative example, Figure 3 shows the threshold momenta as functions of the index for three of the most common particles to be identified-pions, kaons, and protons, which have masses of 139.6, 493.7, and 938.3 MeV/c 2 , respectively [10] . For a given momentum, note that the threshold index, nt, can be derived from Equation (7) . Assuming the conditions in which pions and kaons with p = 2 GeV/c pass through an AC counter, the threshold indices are nt = 1.0024 and 1.0300 for pions and kaons, respectively. Thus, the condition for AC = yes for pions but AC = no for kaons can be created by setting the aerogel index to a value between 1.0024 and 1.0300. Practically, physicists choose the large index possible (in this case, approximately 1.03) to obtain high photon yields based on Equation (5).
AC counters should be designed to maximize the photoelectron yield in the photodetectors. The AC = yes/no determination depends largely on the (average) number of detected photoelectrons. Photodetectors must be able to detect a few as a single photoelectron; thus, photomultiplier tubes (PMTs) are used in most cases. The counter performance strongly relies on its design, including the Cherenkov light emittance (i.e., the optical quality and thickness of the aerogel) and light-collection efficiency (i.e., the counter size and geometry, the quantum efficiency, size, and total number of PMTs used, and the reflectance values of the mirror or diffuse reflectors). An example of the structure of an AC counter is shown in Figure 4 . In this system, Cherenkov photons travel inside the AC counter box as they are scattered by the aerogels and reflected by the reflectors on the counter walls until they are absorbed by an aerogel or a reflector or detected by a photodetector. Consequently, the average number of photoelectrons detected is typically about 10 photoelectrons.
AC counters are useful as on-line event triggers or as veto devices at the hardware level. Recent advances in accelerator technology have enabled physicists to conduct high-intensity physics experiments, which require control over the particle-interaction phenomena at high event rates. To facilitate data acquisition, AC counters can be designed so that only interesting events triggered AC = yes, or background events are rejected as AC = yes (veto). Of course, the raw data can alternatively be analyzed off-line to judge AC = yes or no. Further, by using two or more AC counters with different indices, three or more different particle types can be distinguished. Similarly, velocity measurements in certain ranges for a specific types of particles can also be achieved. 2.3. Ring-Imaging Cherenkov Counters RICH counters measure the particle velocity by imaging the Cherenkov light rings emitted from the radiators using position-sensitive photodetectors (see Figure 5 ). Assuming the use of aerogels as the radiators, these counters are referred to as "aerogel RICH counters." Using Equations (3) and (4), the particle velocity can be expressed as
For a given aerogel index, the particle velocity can be measured based on the Cherenkov angle, which can be calculated by reconstructing the Cherenkov rings and determining their radii using a computer. Photodetectors are placed in downstream from the aerogels as shown in Figure 5 . They must be pixelated (e.g., with a pixel size of 5 mm) and be able to count single photons because typical RICH counters observe Cherenkov rings of approximately 10 photoelectrons (see Figure 6 ). Using Equations (6) and (8), the particle mass can be expressed as follows:
Thus, the particle mass can be determined by measuring the particle momentum and the Cherenkov angle (i.e., the particle velocity) using tracking devices and aerogel RICH counters, respectively, for a given aerogel index. This process based on Cherenkov angle measurements represents the essential principle of PID for particles with different masses with aerogel RICH counters.
Focusing RICH counters generate a Cherenkov ring with a finite radius on the photodetection plane (i.e., the surface of the photodetectors) by limiting the aerogel thickness (i.e., incorporating an expansion distance between the aerogels and the photodetectors) (see Section 33.5 in Review of Particle Physics [13] ). Maintaining a long distance between the aerogels and photodetectors is helpful to clearly separate ring images from the photons associated with different particles as it encourages the formation of a ring image rather than a disk image. Therefore, physicists often place mirrors downstream from the aerogels to extend the distance and focus the Cherenkov photons on photodetectors; such counters are called mirror-focusing RICH counters. Alternatively, the photodetectors can be positioned behind a short expansion distance as shown in Figure 5 for cases such as when the counter installation space is limited; such counters are called proximity-focusing RICH counters.
The performance of a focusing RICH counter can be roughly estimated from the number of detected photoelectrons, Np.e., and the Cherenkov angle resolution for a single photon, σθ, as ∆ � p.e. , (10) where ΔθC is the difference between the Cherenkov angles of two charged particles to be distinguished. The value � p.e. ⁄ is referred to as the Cherenkov angle resolution per (charged-particle) track or per ring. Unlike with threshold-type Cherenkov counters, Cherenkov light must be emitted for both the particles in order for the particles to be identified using a RICH counter. For example, researchers can choose an aerogel with n = 1.05 to distinguish pions and kaons at p > ~2 GeV/c (refer back to Figure 3) . In this case, ΔθC is approximately 23 mrad at p = 4 GeV/c. Assuming that Np.e. = 10, a pion/kaon separation capability of 4σ is possible when σθ < 18.2 mrad, which is conceivable considering the recent performances of aerogels and photodetectors.
To maximize Np.e., there is a needed for thicker and higher-index aerogels based on Equation (5). However, an optimal aerogel thickness exists that optimizes σθ by reducing the uncertainty of the Cherenkov photon emission points within the aerogel volume. Aerogel transparency is of particular importance because only photons that remain unscattered inside the aerogels retain the Cherenkov angle that is characteristic of the particle's properties. The value σθ can be evaluated by accumulating events from known particles (e.g., in a test-beam experiment), as shown in Figure 7 . In the practical applications of the counter, PID can be carried out using, for example, maximum likelihood analysis [15, 16] .
In general, RICH counters have an advantage of being compatible with a wide momentum range compared to threshold-type counters apart from the yes/no decision. Moreover, RICH counters can resolve the problem of misidentification that occurs in threshold-type counters due to knock-on electrons (i.e., when lower-velocity particles that should trigger AC = no, occasionally collide with electrons inside the aerogels or counter box materials and, since such an electron can exceed the Cherenkov threshold, the counter is triggered as AC = yes). This issue is mitigated in RICH counters because knock-on electrons have different trajectories and momenta than the original particles. [3] ©The Chemical Society of Japan) (b) Prototype of a RICH counter used in a test-beam experiment on a partial model of the RICH detector used for the Belle II experiment, which is described in Section 4.2 (reproduced from [11] ©Elsevier B.V.). Figure 6 . Cherenkov ring detected by a RICH counter as viewed on an event display reconstructed using a computer during a cosmic-ray test of the partial RICH detector module for the Belle II experiment, which is described in Section 4.2; the highlighted squares show the pixelated photodetectors used in the experiment and each Cherenkov photon (and background) hit derived from a cosmic-ray particle (probably a muon) is indicated by a yellow dot; aerogel tiles (not shown) were placed at the zenith position of the photodetectors (adapted from [12] ©Elsevier B.V.). 
Transparent Silica-Aerogel Tiles
Production Methods and Activities in Russia and Japan
While many supply companies and research laboratories all over the world are studying aerogels, the centers of excellence for aerogel studies in the field of high-energy physics are limited to two groups at present: the Novosibirsk group in Russia and the Japanese group. Collaborating researchers from the Boreskov Institute of Catalysis and the Budker Institute of Nuclear Physics in Novosibirsk, Russia have been developing Cherenkov counters and the aerogels used the radiators since 1986 [17] . Similarly, the development of aerogels for use as Cherenkov radiators in Japan began around 1980 [18] .
Russian Group
The aerogel fabrication procedures used by the Novosibirsk group can be divided into four stages: alcogel synthesis, aging, supercritical drying, and baking [17, 19] . The alcogel preparation involves a variant of the two-step sol-gel method. First, an oligomer is synthesized via an acid-catalyzed reaction of tetraethoxysilane [TEOS, Si(OC2H5)4] with water. Then, a solution of the oligomer and an excess of water are used for the base-catalyzed synthesis of alcogels. The alcogel aging stage is carried out in an alcohol bath, in which the alcohol is periodically replaced to wash out the water and the catalyst from the alcogel. To remove the organic solvent, high-temperature supercritical drying is performed using an autoclave at a temperature of 280°C and a pressure of 120 bar (12 MPa). The Novosibirsk group has two autoclaves: one with a 4 L volume that is used for test experiments and the other with a 100 L volume that is used for mass production. Finally, the aerogels are baked in air at 600°C to remove remaining organic impurities and water. The Novosibirsk aerogels are generally hydrophilic but, of course, they sometimes fabricate hydrophobic aerogels, as well [20] . The group and others have investigated the degradation of the optical properties of hydrophilic aerogels due to moisture absorption during high-energy-physics experiments as well as recovery procedures to counteract this process [21, 22] .
Japanese Group
In the early years of their research, Japanese physicists learned the aerogel fabrication technique from the Saclay group in France [2, 18] . Several university physicists came together to develop aerogel Cherenkov counters at the High-Energy Accelerator Research Organization (KEK; formerly known as High-Energy-Physics Laboratory), in Tsukuba, Japan, which has since served as a hub for aerogel development in Japan. Physicists from the KEK group collaborated with experts in materials science from the Panasonic Corporation (formerly known as Matsushita Electric Works, Ltd. prior to being renamed as Panasonic Electric Works Co., Ltd.) in Osaka, Japan. Consequently, hydrophobic aerogels specifically designed for Cherenkov radiators were developed in the early 1990s [23, 24] . Thereafter, the aerogels fabricated by the Japanese group are largely hydrophobic, as shown in Figure 8 .
Based on the experimental production results, Panasonic Electric Works commercialized hydrophobic aerogel tiles with n = 1.015, 1.03, and 1.05 (under the product names of SP-15, SP-30, and SP-50, respectively) around 1997 [4] . The standard dimensions of the Panasonic aerogel tiles were approximately 11 × 11 × 1 cm; however, tiles with different dimensions and/or indices are available on demand (e.g., SP-25 with n ≈ 1.025 [26] ). Since then, the Panasonic tiles have been considered the global standard for hydrophobic aerogels in Cherenkov radiators. Regrettably, Panasonic Electric Works discontinued their aerogel manufacturing around 2011 and the production technology was transferred to the Japan Fine Ceramics Center (JFCC) in Nagoya [27] , which has taken over as the main supplier of commercial hydrophobic aerogels.
The aerogel fabrication procedure used by the KEK-Panasonic/Matsushita group can be divided into five stages: wet-gel synthesis, aging, hydrophobic treatment, solvent exchange, and supercritical drying [24, 25] . The KEK-Panasonic group utilizes a variant of the two-step solgel method. The first step in the process used by the Russian group is omitted by using a commercially-available silica oligomer precursor, polymethoxysiloxane (PMS, also known as methyl silicate 51, CH3O[Si(OCH3)2O]nCH3). To synthesize wet gels via the sol-gel process, PMS is mixed with water in either methanol or ethanol as a diluent/solvent and a base-catalyzed reaction is initiated with aqueous ammonia. In the early 2000s, N,N-dimethylformamide (DMF) was introduced as the new diluent/solvent for the wet-gel synthesis step [28] . After aging, the wet gels are immersed in alcohol and subsequently rendered hydrophobic by a surface modification using hexamethyldisilazane (HMDS, [(CH3)3Si]2NH) [23] (see Figure 9 ):
The alcohol solvent is repeatedly replaced to remove the impurities from the wet gels. Finally, the wet gels are dried by supercritical carbon-dioxide extraction. The aerogels are not baked to preserve the hydrophobic groups.
The KEK-JFCC/Panasonic group and the Chiba group employ three supercritical extraction systems. The oldest one, equipped with a 31 L-volume autoclave, seems to have been placed at KEK around 1980 for use in supercritical ethanol drying but may have been built in another laboratory before then. The second system is a supercritical carbon-dioxide extraction system with a 140 L autoclave and was first built in the 1980s and installed at KEK. After successful mass production of aerogels for the Belle experiment in the 1990s (see Section 4.1), KEK released both of the autoclaves around 2000 (the 31 L system for ethanol and 140 L system for carbon dioxide) and they were transferred to Chiba University in Chiba, Japan and the Mohri Oil Mill Co., Ltd., in Matsuzaka, Japan, respectively. The 140 L system is operated by the Mohri Oil Mill at the request of the JFCC (formerly Panasonic Electric Works) and the Chiba group. In addition, the third and relatively new supercritical carbon-dioxide extraction system with a 7.6 L autoclave was built at Chiba University in 2004 (see Figure 10 ). Since then, the Chiba group, led by the present author, has been developing modern aerogels. As shown in Figures 11 and 12 , the pressure-temperature control profiles of each autoclave system were optimized to prevent the formation of cracks in the aerogel tiles.
The Chiba group developed a novel technique for producing aerogels with ultrahigh indices (ultrahigh densities), referred to as the pin-drying (previously, pinhole-drying) method [31] . The maximum index that can be attained in aerogels via the usual sol-gel synthesis method used by the Chiba group is approximately 1.14. Attempts to synthesize wet gels for aerogels with n > 1.14 are hindered by the inhibition of the gelation by the excess amount of the silica precursor relative to the total sol volume (i.e., lack of diluent/solvent). Instead, of the direct synthesis of wet gels for high-index aerogels, the wet gel can be synthesized as usual as if targeting an aerogels with n ≈ 1.06 and subsequently densified by partially evaporating the diluent solvent from the wet gel while maintaining the silica content (i.e., partially drying the wet gel) under ambient conditions. This is achieved by enclosing the synthesized wet gel in a special semisealed container with pinholes (called a pin container) as shown in Figure 13 . The pin container enables the fabrication of silica-densified wet gels without cracking via the homothetic shrinkage of the wet gel (see Figure 14) . Note that the pin-dried wet gel should be supercritically dried after the hydrophobic treatment to obtain the final aerogel; i.e., the pindrying method is not a new drying (solvent-extraction) technique. The Chiba group employs the pin-drying method to fabricate dense aerogels with n > 1.10 and can produce aerogels with indices as high as n = 1.26 [31] . Figure 15 shows an aerogel's optical parameters as measured by the Chiba group [32] (refer to this plot for the following subsections). The geometric parameters, such as the tile shape and size (i.e., its volume, area, and thickness) are also important. In general, RICH counters have stricter requirements for the optical and geometric characteristics of aerogel radiators compared to threshold-type counters. In fact, RICH counters yielded practical applications, in part, through the improvement of the aerogel quality. Figure 15 . Transmission length at a wavelength of 400 nm as a function of the index for typical hydrophobic aerogels fabricated by the Chiba group between 2004 and 2014. The index was measured at a wavelength of 405 nm. Each data point represents an individual aerogel tile. Aerogels fabricated using the usual sol-gel synthesis method are classified by the diluent solvent used during the wet-gel synthesis: ethanol (gray), methanol (black), and DMF (blue). Aerogels produced by the pin-drying method are also classified according to the solvent used: methanol (orange) and DMF (red) (reproduced from [32] ©The Physical Society of Japan)
Refractive Index
The intermediate indices of aerogels between those of gases and condensed materials (i.e., liquids and solids) make aerogels highly useful as Cherenkov radiators. The typical index of aerogels with a certain level of transparency was previously known to range from approximately 1.01 to 1.05. Using the Cherenkov effect, such indices allow physicists to measure the velocity and identify types of charged subatomic particles at the momentum range from several hundred MeV/c to multi-GeV/c, even in cases where velocity measurements cannot be performed using by time-of-flight counters due to the limitation of the time resolution. Moreover, aerogel indices can be tuned over a wide range by altering the production process, which is not the case with other condensed materials. The indices of gaseous radiators can be tuned by pressurizing or depressurizing them but this only produces a limited range of indices and requires the use of pressure vessels. Thus, the index is the most unique important characteristics of aerogels for use in Cherenkov radiators.
The index (in air) of an aerogel tile can be measured using a laser according to the minimumdeviation method based on the prism formula:
where min = tan −1 ( min ⁄ ) (see Figure 16 for the notation and an example of the measurement setup). The Chiba-KEK group manually rotates the aerogel table and visually reads the scale on a laser screen while a physicist group has implemented photodetectors to measure the location of the laser beam on the screen [33] .
It is important to take into account the wavelength dependence of the aerogel index when designing Cherenkov counters. Previously, the (Chiba-)KEK group used a helium-neon (HeNe) laser with λ = 632.8 nm [24] because red light is clearly visible and readily penetrates aerogels (see Section 3.2.2). The Novosibirsk group also uses a red laser [34] . Since the 2000s, the Chiba-KEK group has used a blue-violet semiconductor laser with λ = 405 nm [25] as well as a green He-Ne laser with λ = 543.5 nm because typical photodetectors exhibit the maximum quantum efficiency around λ ≈ 400 nm. By measuring the indices at these three wavelengths, the chromatic dispersion of an aerogel can be measured [26] .
In RICH counters, the absolute index value directly affects the Cherenkov angle according to Equation (4) . An accurate measurement of the aerogel index is required for the precise determination of the particle velocity. Furthermore, the local index uniformity within a single monolithic aerogel tile is very important for RICH counters. Some RICH counters need to cover large solid angle around the particle-interaction point; thus, large-area, and/or large numbers of aerogel tiles are employed. It is generally preferred that the local index within a single monolithic tile is uniform within a variation of 1% depending on the requirements of the physics experiment and that the average indices of the segmented aerogel radiator tiles used in the RICH counter are identical to each other. One approach to improving the tile-uniformity is to enhance the quality control during aerogel production with respect to the methodology. The other approach is to fully characterize each tile's uniformity (i.e., to obtain the tile-uniformity map) prior to its installation or after installation using the event data from a calibration. To investigate the aerogel tile's index uniformity before installation, the Novosibirsk group uses a directmeasurement method based on the use of a laser [34] and the Chiba-KEK group developed an X-ray-based technique to indirectly measure the local index based on the density distribution in the aerogel [35] .
In contrast, threshold-type Cherenkov counters do not require precise index values because the only condition is that the inequality in Equation (1) is fulfilled; in other words, only yes/no logic is required for PID. Of course, if the aerogel index is near the threshold index for the lower-velocity (AC = no) particles (i.e., if the aerogel index is sufficiently higher than the threshold index of the higher-velocity (AC = yes) particles), many Cherenkov photons will be emitted, which leads to a good counter performance. It should be noted that the aerogel's index is higher on the short-wavelength end of the visible light spectrum due to chromatic dispersion so if photodetectors have are sensitive to wavelengths in this range then the aerogel index may exceed the threshold index of the lower-velocity (AC = no) particles. However, this does not mean that the number of Cherenkov photons emitted immediately increase once the aerogel index reaches the threshold index.
The Chiba group can produce hydrophobic aerogels with any index between 1.0026 and 1.26 by adjusting the bulk density between 0.01 to 1.0 g/cm 3 [30] . Aerogels with indices between 1.0026 and 1.14 can be fabricated via the usual sol-gel synthesis method while those with n = 1.14-1.26 must be produced by the pin-drying method. The Novosibirsk group reported that they can fabricate hygroscopic aerogels with n = 1.006-1.13, with those having n > 1.07 being produced by a thermal-sintering technique [36] . The development of ultrahigh-index aerogels has enabled physicists to employ Cherenkov counters on the low-energy side and opened up new opportunities to conduct various high-energy physics experiments and, therefore, represents one of the greatest recent advances in the development of aerogels for Cherenkov counters. Figure 16 . Setup used to conduct index measurements based on the minimum-deviation (δmin angle) method. The corners (regarded simply as α = 90°) of an aerogel tile are irradiated with a laser beam and the minimum laser deviation, dmin, is measured on a downstream screen separated by a distance of L (adapted from [24] ©Elsevier B.V.).
Transparency
The optical transparency of an aerogel is another important factor that impacts its counter performance, especially when used in RICH counters. The transparencies of aerogels for use in Cherenkov radiators can be characterized in terms of the scattering and absorption lengths. Light propagation in aerogels is dominated by Rayleigh scattering so an aerogel's scattering length is considerably shorter than its absorption length. Only unscattered Cherenkov photons retain the Cherenkov angle information and, thus, can be used for Cherenkov imaging. Therefore, a long scattering length is vital for aerogels to be used in RICH counters. In contrast, the photon detection yield in threshold-type counters includes scattered photons that reach the photodetectors after multiple rounds of scattering and reflection on the inner walls of counter modules. Nevertheless, aerogels with short scattering lengths have a disadvantage in Cherenkov photon counting in that the light absorption by the aerogel cannot be ignored anymore.
The exact absorption length of an aerogel is difficult to determine experimentally. The Chiba-KEK group has only assumed that the absorption length is sufficiently longer than the scattering length such that the scattering length can be determined from the measured transmittance. The Novosibirsk group developed a method to determine the absorption length [34] and reported that the typical values are in 5-7 m at a wavelength of 400 nm in their aerogels [37] . This finding confirms that the absorption length is more than 100 times longer than the scattering length at 400 nm.
Considering that light absorption is negligible during transmission along the aerogel thickness of several centimeters, the scattering length, Lsc, is defined as
, (12) where t is the thickness of the aerogel and T is its transmittance as a function of the wavelength of light. The transmittance can be determined by measuring the ultraviolet-visible (UV-vis) spectrum using a spectrophotometer. In general, spectrophotometers use an integrating sphere to collect light from samples and the UV-vis spectrum strongly depends on the aerogel position relative to the light-integrating sphere. Thus, the Chiba-KEK group currently places aerogels 10 cm away from the entrance of the integrating sphere to minimize the amount of scattered light from the aerogel that is captured by the sphere as shown in Figure 17 [24] . The scattering length calculated using Equation (12) and the transmittance measured with this spectrophotometer configuration is referred to as the transmission length (ΛT) by the Chiba-KEK group. The transmission length is usually measured at a wavelength of 400 nm because the photodetectors that are typically used in Cherenkov counters exhibit peak quantum efficiencies around that wavelength.
The UV-vis spectra of an aerogel obeys Rayleigh's inverse forth-power law: (13) where A is the amplitude and C is the clarity coefficient and is usually measured in units of μm 4 /cm. Figure 18 shows a plot of the transmittance curve of a typical aerogel tile from the Chiba-KEK group that was obtained by their transmittance-measurement methodology. In this hydrophobic sample, the clarity coefficient was determined to be C ≈ 0.0053 μm 4 /cm, corresponding to ΛT ≈ 50 mm. As shown in Figure 15 , the transmission length depends on the index as well as the diluent/solvent used in the sol-gel synthesis of the wet gel. The Novosibirsk group also reported a similar clarity coefficient (C ≈ 0.0050 μm 4 /cm) and measured scattering lengths of Lsc = 5-7 cm at 400 nm in hydrophilic aerogels with a wide range of indices [20, 37] . However, the scattering (transmission) lengths measured by the two groups cannot be compared without taking into account the differences between the transmittance-measurement setups (i.e., the configurations of the aerogel sample and the light-integrating sphere) as discussed above.
The pin-drying technique facilitates the production of not only ultrahigh-index aerogels but also highly transparent aerogels. Pin-dried aerogels are generally more transparent than the original non-shrunk aerogels (Figure 19 ) [30] . Shrinkage due to pin-drying would alter the configuration of the silica nanoparticle clusters and pores compared to that in the original wet gel, resulting in improved transparency as discussed in [38] . It was also reported that the pindrying method can improve the transparencies of aerogels with n = 1.05-1.07 comparing to aerogels with the same index that were produced by the conventional method [39] . Figure 17 . Measurement setup in the light-shielded chamber of a spectrophotometer (U-4100; Hitachi, Ltd., Japan) installed at KEK wherein the downstream surface of the aerogel is positioned 10 cm from the entrance of the light-integrating sphere (reproduced from [28] ©Elsevier B.V.). Figure 18 . UV-vis spectrum for an aerogel with n = 1.044 and t = 20.8 mm fabricated at Chiba University. Circles show the transmittance values measured at intervals of 10 nm, and the solid line shows the curve fitted to this data based on Equation (13) having parameters of A = 1 and C = 0.00533 ± 0.00003 μm 4 /cm (the upper limit of parameter A was set to 1 in the fitting procedure). The corresponding transmission length was calculated to be approximately 50 mm at 400 nm (reproduced from [24] ©Elsevier B.V.). Figure 19 . Pin-dried aerogel (right) with n = 1.198, ΛT = 39 mm, and dimensions of 6.5 × 6.5 × 1 cm compared with the original non-shrunk aerogel (left) with n = 1.067 and ΛT = 32 mm (adapted from [30] ©Elsevier B.V.).
Geometric Characteristics
The bulk density of fabricated aerogel tiles is gravimetrically measured as a geometric parameter based on the tile's volume and weight. The tile's thickness is used for calculating its scattering length in combination with its transmittance. It is known that the relationship between the index and density, ρ, of an aerogel is as follows [40] : (14) where α is a proportionality constant. Empirically, Equation (14) can be approximated as a proportional relationship between the value of − 1 and the density for small − 1 values:
Specifically, n and the constant k depend on the wavelength of the light. Figure 20 shows the relationship between the (absolute) index measured at a wavelength of 405 nm and the density in typical aerogels fabricated by the Chiba group. The results show that k = 0.25-0.30 cm 3 /g depending on the diluent solvent used in the wet-gel synthesis [24] . The Novosibirsk group reported that k ≈ 0.21 cm 3 /g [40] . The difference between the values reported by the two groups is likely due to the presence or absence of surface modifications on the aerogels.
Researchers have been developing a technique for manufacturing large-area/large-volume aerogel tiles or blocks because Cherenkov counters are often used as subsystems in large-scale particle-spectrometer systems that also require large-area/large-volume aerogel radiator modules. Aerogels for use as Cherenkov radiators are usually manufactured in the shape of square monolithic tiles or blocks. Square aerogels allow the index to be measured at its four corners using lasers. Tile-shaped aerogels can be stacked along the thickness (i.e., particle-trajectory) direction and arranged into radiator modules. The Novosibirsk group previously reported they could produce aerogel blocks with dimensions of 20 × 20 × 5 cm with n = 1.03 [37] . The Chiba-KEK group succeeded in manufacturing high-index (n ≈ 1.05), hydrophobic aerogel tiles with dimensions of 18 × 18 × 2 cm (Figure 21 ) with a low frequency of cracks (below 20%) [28] . Recently, the Novosibirsk group is focusing on fabricating large-area (hydrophilic) n = 1.05 aerogel tiles with dimensions of 20 × 20 × 2-3 cm [42] .
It is usually difficult to machine aerogels once they have been fabricated and, thus, aerogel shapes are generally determined by the mold shape used in the wet-gel synthesis. However, hydrophobic characteristics allow aerogel tiles to be trimmed using a computer-automated water-jet-based cutting device without impacting their optical properties [4, 28] . Water-jet machining is known as the only way to precisely cut aerogels, making full use of their hydrophobic characteristics. However, researchers must note that the cutting plane strongly scatters light. In aerogels that are to be used as manufactured, the molds must be designed by taking into account the wet-gel shrinkage during fabrication. The Novosibirsk group uses this approach because their aerogels are largely hydrophilic [42] . A fascinating molding technique for trapezoidal aerogels developed by the Chiba group is described in [43] .
The integrity of tile shapes (e.g., with no bending) and the tile thickness uniformity are also important characteristics of aerogels to be used as radiators, especially RICH counters. The tilt of the downstream surface (the exit boundary of the Cherenkov light) in the tile affects the Cherenkov angle measurement as the boundary between the aerogels and the expansion gap before the photodetector (filled with gases such as air in most cases) refracts Cherenkov light. In other words, tilts in the tiles cause deviations in the trajectories of the Cherenkov photons. The Chiba group measured the thickness variation across a tile (more specifically, the outline of a cross-section of a tile) using a measuring microscope; however, this measurement requires the cross-section to be exposed by cutting the tile with the water-jet device [35] . Large-area tiles have to be handled carefully because they sometimes bend slightly. Furthermore, the top surface of the aerogel tile develops a meniscus geometry during the sol-gel synthesis in open-top molds, which causes a thickness variation across the tile. One solution is to place the tile's bottom surface (in contact with the mold in the sol-gel process) on the downstream side. Of course, the precise alignment of aerogel tiles in radiator modules is another important factor for the Cherenkov angle determination.
Multilayer monolithic aerogel blocks comprising different index layers can be produced by stacking sols for aerogels with different densities in a single mold during the wet-gel synthesis step. In the 1990s (or earlier), this concept was first developed for low-density aerogels used to capture intact cosmic dust from space at the Jet Propulsion Laboratory, California, U.S.A. [44, 45] . As an ideal media for capturing intact cosmic dust, these multilayer aerogels were extended using a sol-pumping technique as a boundaryless aerogel with a density gradient from 0.01 to 0.05 g/cm 3 across the 3-cm thickness profile in a single monolithic block [45, 46] . The density gradient was leveraged to collect cometary dust samples on a U.S. return mission, Stardust, and the aerogels captured dust from the comet Wild2, which returned to Earth in 2006 [45, 47] . Motivated by the multilayer-focusing aerogel radiator scheme, the Chiba-KEK and Novosibirsk groups independently rediscovered multilayer monolithic aerogel blocks with different indices (in the around range n ≈1.05) around 2004 [27, 48] , as shown in Figure 22 . Aiming at the perfect focusing aerogels, the Novosibirsk group produced aerogel blocks with continuous index gradients (ranging from 1.036 to 1.042) along the thickness [49] based on [46] . The Chiba group developed a stereoscopic dual-layer (referred to as box-framed) aerogel tiles with densities of 0.01 and 0.03 g/cm 3 for capturing cosmic dust in low-Earth orbits; these are now used in the International Space Station for Japan's astrobiology mission, Tanpopo [50] . Mono-density (0.03 g/cm 3 ) aerogels previously developed by the KEK-Panasonic/Matsushita group have also been used for capturing cosmic dust in low-Earth orbits [51, 52] . Figure 20 . Relationship between the (absolute) index measured at 405 nm and the density in typical aerogels fabricated by the Chiba group. Each data point represents an individual aerogel tile. The aerogels fabricated using the usual sol-gel synthesis method were classified according to the diluent/solvent used during the wet-gel synthesis: ethanol (green triangles), methanol (red circles), and DMF (blue squares). The dotted lines represent best-fit linear functions to the three data sets; the corresponding k values are labeled as "slope" in the legends (reproduced from [24] ©Elsevier B.V.). 
Applications to High-Energy-Physics Experiments
Among numerous high-energy-physics experiments that use AC counters, the B-factory experiment called Belle is the main focus in this section. The Belle experiment is a joint international research project involving the study of particle physics (mainly using B-meson systems) in Japan over the two generations. The Belle project was one of the most successful experiments using large-scale threshold-type aerogel Cherenkov counters, as described in detail in the first edition of this handbook [4] . The new Belle II experiment, which is almost ready to begin, is the successor of the previous Belle experiment and employs a state-of-the-art RICH detector system. In addition, several other experiments that use aerogels, including particle, nuclear, and cosmic-ray physics research projects, are presented herein.
B-Factory Experiment, Belle
The accelerator-based international project, Belle, was a particle physics experiment conducted at KEK during 1999-2010. The Belle experiment was performed using a 3 kmcircumference circular electron-positron collider (called a KEKB collider) and a spectrometer (the Belle detector). The KEKB collider was operated at the energy determined to efficiently create B meson and anti-B meson pairs containing b quarks by electron-positron annihilation (i.e., 8 GeV electron and 3.5 GeV positron beams). The Belle detector was installed around the point of collision of the electron and positron beams to investigate the B meson decay products in detail. The KEKB facility was called the B-factory because it provided a large number of B mesons; thus, physicists could obtain statistically significant data about the B meson decay modes. The Belle spectrometer comprised several subsystems including a decay-vertex-position detector, a particle-tracking chamber with a superconducting magnet for momentum analysis, two kinds of PID counters, two kinds of electromagnetic calorimeters, and a neutral-particle detector [53] .
The primary objective of the Belle experiment was to find the charge-parity (CP) symmetry violation in the B meson system, which was finally achieved in 2001. That led to the verification of the Kobayashi-Maskawa theory [54] , which has since become a part of the Standard Model in particle physics. The Kobayashi-Maskawa theory offers insight into the solution of a major question in physics: "Why the Universe is dominated by not anti-matter but matter?" M.
Kobayashi and T. Maskawa shared the Nobel Prize in Physics 2008
(with Y. Nambu) "for the discovery of the origin of the broken symmetry which predicts the existence of at least three families of quarks in nature" [55] . The major achievements in physics due to the Belle experiment are summarized briefly in [56] and the most fruitful findings were fully reviewed in a paper titled The Physics of the B factories, which published by the Belle collaboration and the other B-factory experiment collaboration in the U.S.A. [57] .
One of the two PID counters in the Belle detector was a threshold-type Aerogel Cherenkov Counter (ACC) [58] [59] [60] . The Belle ACC was composed of a total of 1188 counter modules installed around the collision point of the beams and was mainly used to separate kaons from pions at a few GeV/c. The counter configurations were slightly different depending on the position relative to the collision point but the counter boxes were basically lined with diffusive reflector sheets and equipped with one or two 2-3 in diameter PMTs that can be operated in the strong magnetic field (1.5 T) of the Belle spectrometer. Typical dimensions of the counter boxes were approximately 12 × 12 × 12 cm, which was filled with five aerogel tiles having n = 1.01-1.03. The ACC modules were designed after prototyping AC counters and evaluating their performances using test beams [23] .
In the 1990s, low-index, hydrophobic aerogel tiles with n = 1.01-1.03 were mass-produced using the 140 L autoclave system by the KEK-Matsushita group at KEK [58] [59] [60] . A total of approximately 2 m 3 of high-transparency aerogels were manufactured in-house. The absence of a significant degradation in the counter's light yield over the 10-year ACC operation period demonstrated the integrity of the hydrophobic characteristics of the aerogels fabricated at KEK. This successful application of Japanese hydrophobic aerogels would greatly contribute to the successful commercialization of Panasonic/Matsushita aerogels.
Super-B-Factory Experiment, Belle II
To explore physics beyond the Standard Model of particle physics by precisely investigating the decay processes of particles such as B mesons and τ leptons, the super-B-factory experiment is planned at KEK. The new experiment, Belle II [61] , is going to be conducted using an upgraded SuperKEKB collider and the Belle II detector (Figure 23 ), which are successors of the previous KEKB collider and Belle detector, respectively; these components are now in the final phase of commissioning. The Belle II collaboration comprised over 700 members of 108 institutes in 25 countries and regions. The SuperKEKB collider, accelerating 7 GeV electron and 4 GeV positron beams, is designed to surpass (by a factor of 40) its own world record for instantaneous luminosity (2.11 × 10 34 cm −2 s −1 was achieved by the previous KEKB accelerator); thus, it is called a super-B-factory.
One of the major detector upgrades is the transition from the Belle ACC to the Aerogel RICH (ARICH) detector. The ARICH detector was positioned in the direction of the electron beam travel in the Belle II detector, which is called the forward end cap, in late 2017. The cylindrically shaped forward end cap has a diameter of more than 2 m ( Figure 24) ; however, the dimension along its thickness direction is limited to approximately 30 cm. This resulted in the need for a proximity-focusing RICH counter. The ARICH detector comprises two support structure modules for aerogel radiators and photodetectors. The aerogel radiator module, which was designed based on the results from the study of large-area aerogel tiles [28] , is shown in Figure 25 . A total of 420 hybrid avalanche photodetectors pixelated to 144 channels were used as a Cherenkov light sensor [63] .
In 2004, the Belle ARICH group first proposed a novel focusing multilayer aerogel radiator in which the layers have different indices [64] . Considering dual-layer configuration (Figure 26 ), the index of the downstream layer must be higher than that of the upstream layer and be chosen precisely so that the Cherenkov ring images from the two layers overlap on the photodetection plane. Note that the Cherenkov angle in the downstream layer is larger than that in the upstream layer based on Equation (4). This scheme can increase the number of detected photoelectrons by increasing the total thickness of the aerogel tiles while keeping a high Cherenkov angle resolution for a single photon. The same concept was presented by the Novosibirsk group around the same time [48] . With the help of this scheme and the choice of aerogels with n = 1.045 and 1.055, the ARICH detector enables precise separation of kaons from pions at high momenta up to 4 GeV/c, under which conditions the previous end-cap ACC could not perform PID.
The dual-layer radiator scheme together with the tiling scheme described above requires a total of 248 aerogel tiles [11] . Thus, the Chiba-KEK researchers in collaboration with Panasonic and the JFCC developed a method for producing 18 × 18 × 2 cm tiles while maintaining a high crack-free yield [28] . The 140 L autoclave system was used again to massproduce approximately 450 high-index (n = 1.045 and 1.055) tiles for the ARICH detector during 2013-2014 (refer back to Figure 21 ). Crack-free tiles were then trimmed into wedge (fan) shapes with a water-jet cutter. By the end of 2016, all tiles were mounted in the radiator module ( Figure 27 ) [65] and the ARICH subsystem was installed in the Belle II detector in late 2017. The first collision between the electron and positron beams is expected to occur in April 2018 or later. Physicists believe that the Belle II experiment will lead to the discovery of new physics phenomena beyond our expectations within the next 10 years. 
Other Experiments
Aerogels produced by the Novosibirsk group are used or are expected to be used in the RICH counters of several ongoing and planned experiments. The LHCb experiment [66] that is being conducted using the Large Hadron Collider (LHC) at the European Organization for Nuclear Research (CERN) in Switzerland is investigating b-physics similar to the KEK (super-)B-factory. The AMS-02 experiment [67] that is being performed aboard the International Space Station to observe primary cosmic rays and study dark matter physics, antimatter physics, etc. The CLAS12 experiment [45] is a planned accelerator-based nuclear-physics program at the Thomas Jefferson National Accelerator Facility in Virginia, U.S.A. Aerogels developed by the Chiba group are also used in several experiments. In the Japan Proton Accelerator Research Complex (J-PARC) in Japan, various particle-and nuclear-physics experiments were conducted, are being conducted, or are planned. Many of these experiments employ threshold-type Cherenkov counters with aerogels having different indices. For example, the J-PARC E36 experiment [42] , which is a particle physics program to test lepton flavor universality, was performed in 2015 with AC counters containing the n = 1.08 aerogels shown in Figure 4 . Recently, aerogels made by the Chiba group were used in an AC counter for a nuclear-physics experiment conducted at the GSI Helmholtz Centre for Heavy Ion Research in Germany. [68] The Chiba group is currently developing aerogels for use in the RICH counters for an Antarctic balloon-borne cosmic-ray physics experiment [69] and a hadron production measurement program to be performed at the Fermi National Accelerator Laboratory in Illinois, U.S.A.
Summary
In this chapter, we reviewed the application of silica aerogels as Cherenkov radiators in highenergy physics experiments. Aerogels have outstanding optical properties: they have high transparency and tunable refractive indices that fill the gap between those of gases and condensed materials. Thus, they are useful and promising media for use in Cherenkov counters. We reviewed physics of Cherenkov radiation and the operational principles of threshold-type Cherenkov counters and RICH counters. Aerogel-production technologies and achievements toward improved counter performance were described along with a history of the activities of the two major groups working on AC counters, the Russian and Japanese groups. We discussed the optical and geometric properties of aerogels, ways to characterize these properties, and the requirements for their use as Cherenkov radiators. As specific applications, the threshold-type ACC for the first-generation B-factory experiment was reviewed and the novel ARICH counter that is now in the final phase of commissioning for the next-generation super B-factory experiment was described. Additional applications in other experiments were also briefly summarized. Currently, aerogels are actively used as Cherenkov radiators all over the world and physicists plan to make full use of the recently developed high-quality aerogels in a wide variety of experiments in future.
